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Preface 



This book provides a comprehensive description of machining technologies related to metal shaping 
by material removal techniques, from the basic to the most advanced, in today’s industrial applica- 
tions. It is a fundamental textbook for undergraduate students enrolled in production, materials and 
manufacturing, industrial, and mechanical engineering programs. Students from other disciplines 
can also use this book while taking courses in the area of manufacturing and materials engineer- 
ing. It should be also useful to graduates enrolled in high-level machining technology courses and 
professional engineers working in the field of manufacturing industry. The book covers the technolo- 
gies, machine tools, and operations of several machining processes. The treatment of the different 
subjects has been developed from the basic principles of machining processes, machine tool elements, 
and control systems, and extends to ecological machining and the most recent machining technolo- 
gies, including nontraditional methods and hexapod machine tools. Along with the fundamentals 
of the conventional and modern machine tools and processes, the book presents environmental- 
friendly machine tools and operations; design for machining, accuracy, and surface integrity realized 
by machining operations; machining data; and solved examples, problems, and review questions, which 
are very useful for undergraduate students and manufacturing engineers facing shop floor problems. 

The book is written in 15 chapters, describing for the first time in one book the fundamentals, 
basic elements, and operations of general-purpose machine tools used for the production of cylindri- 
cal and flat surfaces by turning, drilling and reaming, shaping and planing, and milling processes. 
Special-purpose machines and operations used for thread cutting, gear cutting, and broaching pro- 
cesses are also dealt with. Semiautomatic, automatic, NC and CNC machine tools, operations, tool- 
ing, mechanisms, accessories, and work fixation are discussed. Abrasion and abrasive finishing 
machine tools and operations such as grinding, honing, superfinishing, and lapping are described. 
Modern machine tools and operations, dynamometers, and hexapod machine tools and processes 
are described. Design for accurate and economic machining, ecological machining, levels of accu- 
racy, and surface finish attained by machining methods are also presented. 

OUTLINE OF THE BOOK 

In Chapter 1, the history and progress of machining, aspects of machining technology, and the basic 
motions of machine tools are introduced. Classification of machine tools and operations in addition 
to the basic motions of machining operations are also given. 

Chapter 2 introduces the design considerations and requirements of machine tools, including basic 
elements such as beds, structures, frames, guideways, spindles and shafts, stepped and stepless drives, 
planetary transmission, machine tool motors, couplings, and brakes. Material selection and heat treat- 
ment of machine tool elements, and the testing and maintenance of machine tools are also discussed. 

Chapter 3 covers general-purpose metal cutting machine tools including lathes, drilling, ream- 
ing, jig boring machines, milling machines, and the machine tools of a reciprocating nature such as 
shapers, planers, and slotters. Machine tool elements, mechanisms, tooling, accessories, and opera- 
tions are also explained. Chapter 3 also presents abrasion machine tools, including grinding and 
surface finishing machines and processes. 

Chapter 4 describes the different types and applications of commonly used screw threads. 
Thread machining by cutting and grinding methods are described, together with thread cutting 
machines and cutting tools. 

In Chapter 5, common types of gears are listed and their applications described. Gear produc- 
tion by machining methods that include cutting, grinding, and lapping are described, together with 
their corresponding machine tools and operations. 



XIX 




XX 



Preface 



Chapter 6 describes the capstan and turret lathes. Machine components, features, and applica- 
tions are described. Tool layouts for bar-type capstan lathes and chucking-type turret lathes are 
described and solved examples are given. 

Semiautomatic and automatic lathes are discussed in Chapter 7. Machine tool features, compo- 
nents, operation, tooling, and industrial applications are described. Solved examples for typical prod- 
ucts that show process layout and cam design are given for turret-type and long-part automatics. 

Chapter 8 presents computer numerical controlled machine tools, their merits, and their indus- 
trial applications. The basic features of such machines, tooling arrangements, and programming 
principles and examples are illustrated in case of machining and turning centers. An introduction to 
computer-assisted and CAD/CAM applications in part programming is also covered. 

Hexapod mechanisms, design features, constructional elements, characteristics, control, and 
their applications in traditional and nontraditional machining, manufacturing, and robotics are cov- 
ered in Chapter 9. 

Chapter 10 describes the fundamentals, instrumentation, and operation of machine tool dyna- 
mometers used for cutting force measurements. Examples of turning, drilling, milling, and grinding 
dynamometers are explained. 

Chapter 11 presents modern machine tools and operations for mechanical nontraditional machin- 
ing processes, such as ultrasonic and jet machining. Chemical milling, electrochemical machining, 
and electrochemical grinding machine tools are also described, along with the machine tools for 
thermal processes such as electrodischarge, laser beam, electron beam, and plasma arc machining. 
Machine tools, basic elements, accessories, operations, removal rate, accuracy, and surface integrity 
are covered for each case. 

Environment-friendly machine tools and operations are described in Chapter 12; these tend 
to detect the source of hazards and minimize their effect on the operator, machine tools, and 
environment. 

An introduction to design recommendations for economic machining and sources of dimen- 
sional variations by traditional and nontraditional processes is covered in Chapter 13. 

Dimensional accuracy and surface integrity by traditional and nontraditional machining pro- 
cesses are discussed in Chapter 14. Sources of surface alterations, their effects on the functional 
properties of machined parts, and recommendations for minimizing surface effects are also given. 

Chapter 15 covers the fundamentals and applications of computer-integrated manufacturing, 
lean production, adaptive control, just-in-time manufacturing systems, smart manufacturing, artifi- 
cial intelligence, and the factory of the future. 



ADVANTAGES OF THE BOOK 

This book provides several advantages to the reader since it: 

1. Presents a wide spectrum of the machining technologies, machine tools, and operations 
used in manufacturing industries 

2. Covers a wide range of abrasive machining and finishing technologies 

3. Presents the nontraditional machine tools and processes 

4. Provides coverage for CNC, hexapod technologies, and computer-aided manufacturing 

5. Introduces the principles of ecological machining 

6. Discusses the economics of design for machining, machining accuracy, and surface integ- 
rity aspects by the different machining techniques 

7. Presents very useful technical data that help in solving and analysis of day-to-day shop 
floor problems 

8. Presents solved examples, review questions, and problems related to the various machining 
topics 
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This book is intended to help the following readers: 

1. Undergraduate students enrolled in mechanical, industrial, manufacturing, materials, and 
production engineering programs 

2. Professional engineers 

3. Industrial companies 

4. Postgraduate students 

WHY DID WE WRITE THE BOOK? 

This book presents several years of the authors’ experience in research and teaching of different 
machining technologies and related topics at many universities and institutions around the world. 
Although many aspects of the machining subject have been covered in detail through various books, 
the authors believe that this is the first attempt to cover such topics at this level in one book. The 
book follows the two books by Professor El-Hofy: Advanced Machining Processes: Nontraditional 
and Hybrid Processes that covered the principles of advanced machining process published by 
McGraw Hill (2005) and the book entitled Fundamentals of Machining Processes: Conventional 
and Nonconventional Processes by CRC Press (2007). 

Helmi A. Youssef and Hassan El-Hofy 

Alexandria, Egypt 
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Chip-tool contact length 


mm 


C 


Acoustic speed in horn material 


m/s 


C 


Capacitance 


pF 


C 


Modified acoustic speed in horn material 


m/s 


cl 
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Rotational speed 

Number of threads per inch 

Auxiliary shaft rotational speed 

Camshaft rotational speed 
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Motor speed 

Maximum rotational speed 
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Spindle speed 
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Tooth thickness 
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Floor-to-floor time 
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mm 

N m/s 
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mm 
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O 

mm 

mm 
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mm 
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mm 
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Total depth of material removed in one stroke in broaching 
Setup time 
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Work handling time 
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Feed in milling 

Cutting speed 
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Capacitor voltage 

Mean cutting speed of cutting stroke in shaper 

Feed rate in ECM 

Peripheral speed of grinding wheel 
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2 


a 


Angle of cutting stroke of shaper 


Degree 


2 


P 


Angle of return (non cutting) stroke of shaper 


Degree 


2 


8 


Deflection 


mm 


2 




Elastic limit 


N/mm 2 


2 


<*5 


Elongation 


mm 
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Increase in speed 
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“o 


Natural frequency 


Hz 


2 


<pp 


Progression ratio of pole change motor 




2 


V 


Progression ratio 


— 


2 




Ultimate tensile strength 


N/mm 2 


3 


a h 


Half cross-hatch angle (honing) 


Degree 


3 


®h 


Helix angle of spiral groove 


Degree 


3 


a 1 


Inclination angle of regulating wheel 


Degree 


3 


X 


Setting (approach) angle 


Degree 


3 


<P 


Diameter notation 


mm 


4 


a t 


Thread helix angle 


Degree 


4 


<Pc 


Threading tap chamfer angle 


Degree 


5 


h 


Helix angle (gear) 


Degree 


5 


a h 


Helix angle of the hob 


Degree 


5 


y 


Setting angle (hob) 


Degree 


9 


p 


Coefficient of friction 




10 


£ s 


Elastic strain 




10 


e 


Location angle 


Degree 
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Abrasive/air weight mixing ratio 
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11 
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Oscillation amplitude 


pm 


11 


CO 


Angular speed 


radian/s 


11 
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Chemical equivalent 




11 
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Coefficient of magnetostrictive elongation 
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Current efficiency 
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Density of the magnetostriction material 


kg/m 3 
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0 m 


Melting point of workpiece material 


°C 
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O 


Stress 


kg/mm 2 
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A 


Wavelength 
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Chemical machining 
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Design for manufacturing 
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Deutsches Institut fur Normung 


DNC 


Direct numerical control 
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Department of Transportation 


DXF 
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EB 
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EBM 


Electron beam machining 


ECA 


Electrochemical abrasion 


ECAM 
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ECD 


Electrochemical dissolution 


ECDB 


Electrochemical deburring 


ECDG 


Electrochemical discharge grinding 


ECDM 


Electrochemical discharge machining 


ECG 


Electrochemical grinding 


ECH 


Electrochemical honing 


ECM 


Electrochemical machining 


ECS 


Electrochemical sharpening 


ECUSM 


Electrochemical ultrasonic machining 


EDG 


Electrodischarge grinding 


EDM 


Electrodischarge machining 


EDS 


Electrodischarge sawing 


EDT 


Electrodischarge texturing 


EDWC 


Electrodischarge wire cutting 


EEDM 


Electroerosion dissolution machining 


EF 


Etch factor 


EHS 


Environmental health and safety 


EIA 


Electronics Industry Alliance 


ELP 


Electropolishing 


EMF 


Electromagnetic field 


EMS 


Environmental Management System 


EOB 


End of block 


EP 


Extreme pressure 


EPA 


Environmental Protection Agency 


ES 


Expert system 


FEA 


Finite element analysis 


eft 


Floor-to-floor time 


FL 


Fuzzy logic 


FMC 


Flexible manufacturing cell 


FMS 


Flexible manufacturing system 


FOF 


Factory of the future 


FRP 


Fiber-reinforced plastics 


GAC 


Geometric adaptive control 


GT 


Group technology 


GW 


Grinding wheel 


HAZ 


Heat-affected zone 


HB 


Hardness Brinell 


HF 


High frequency 


HMIS 


Hazardous Material Identification System 
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HMP 


Hybrid machining processes 


HP 


Hybrid process 


HRC 


Hardness Rockwell 


HSS 


High-speed steel 


HT 


High temperature 


IBM 


Ion beam macining 


ICE 


Internal combustion engine 


IGA 


Intergranular attack 


IMPS 


Integrated manufacturing production system 


ipr 


Inches per revolution 


IR 


Infrared 


ISO 


International Organization for Standardization 


JIC 


lust-in-case 


I IT 


lust-in-time 


KB 


Knowledge base 


L and T 


Laps and tears 


Laser 


Light amplification by stimulated emission of radiation 


LAT 


Laser-assisted turning 


LBM 


Laser beam machining 


LBT 


Laser beam torch 


LECM 


Laser-assisted electrochemical machining 


LSG 


Low-stress grinding 


LVDT 


Linear variable displacement transducer 


MA 


Mechanical abrasion 


MCD 


Machine control data 


MCK 


Microcracks 


MCU 


Machine control unit 


MDI 


Manual data input 


MIT 


Massachusetts Institute of Technology 


MPE 


Maximum permissible exposure 


MQL 


Minimum quantity lubrication 


MRP 


Material requirements planning 


MRR 


Material removal rate 


MS 


Manufacturing system 


MSDS 


Material safety data sheets 


NASA 


National Aeronautics and Space Administration 


NC 


Numerical control 


Nd 


Neodymium 


Nd:YAG 


Neodymium-doped yttrium aluminum garnet 


NFPA 


National Fire Protection Association 


NHZ 


Nominal hazard zone 


NTD 


Nozzle-tip distance 


NTM 


Nontraditional machining 


OA 


Overaging 


OSHA 


Occupational Safety and Health Administration 


OTM 


Overtempered martensite 


PAC 


Plasma arc cutting 


PAH 


Polycyclic aromatic hydrocarbons 


PAM 


Plasma arc machining 


PBM 


Plasma beam machining 


PCB 


Printed circuit board 
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Plastic deformation 


PEO 


Polyethylene oxide 
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Parallel kinematic mechanism 
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Parallel kinematic system 


PLC 


Programmable logic controller 


PTp 


Point-to-point 


PVD 


Physical vapor deposition 


RC 


Recast 


RETAD 


Rapid exchange of tooling and dies 


RPT 


Rise per tooth 


RUM 


Rotary ultrasonic machining 


RW 


Regulating wheel 


SAE 


Society of Automotive Engineers 


SB 


Sand blasting 


SE 


Selective etching 


SI 


Surface integrity 


SM 


Smart manufacturing 


SMED 


Single-minute exchange of die 


SOD 


Stand-off distance 


SP 


Special precision 


SRR 


Stock removal rate 


TEM 


Transverse excitation mode 


TIR 


Total indicator reading 


UAW 
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UNC 
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Unified fine 


UP 


Ultraprecision 


US 


Ultrasonic 


USM 


Ultrasonic machining 


UTM 


Untempered martensite 


uv 
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VESP 


Vibratory-enhanced shear processing 
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Volumetric removal rate 


WC 


Tungsten carbide 


WHO 


World Health Organization 


WIP 


Work in progress 


WJM 


Water jet machining 


WP 


Workpiece 


YAG 


Yttrium aluminum garnet 




Machining Technology 



1.1 INTRODUCTION 

Manufacturing is the industrial activity that changes the form of raw materials to create products. The 
derivation of the word manufacture reflects its original meaning: to make by hand. As the power of 
the hand tool is limited, manufacturing is done largely by machinery today. Manufacturing technol- 
ogy constitutes all methods used for shaping the raw metal materials into a final product. As shown 
in Figure 1.1, manufacturing technology includes plastic forming, casting, welding, and machining 
technologies. Methods of plastic forming are used extensively to force metal into the required shape. 
The processes are diverse in scale, varying from forging and rolling of ingots weighing several tons 
to drawing of wires less than 0.025 mm in diameter. Most large-scale deformation processes are 
performed at high temperatures so that a minimum of force is needed and the consequent recrystal- 
lization refines the metallic structure. Cold forming is used when smoother surface finish and high- 
dimensional accuracy are required. Metals are produced in the form of bars or plates. On the other 
hand, casting produces a large variety of components in a single operation by pouring liquid metals 
into molds and allowing them to solidify. Parts manufactured by plastic forming, casting, sintering, 
and molding are often finished by subsequent machining operations, as shown in Figure 1.2. 

Machining is the removal of the unwanted material (machining allowance) from the workpiece 
(WP), so as to obtain a finished product of the desired size, shape, and surface quality. The prac- 
tice of removal of machining allowance through cutting techniques was first adopted using simple 
handheld tools made from bone, stick, or stone, which were replaced by bronze or iron tools. Water, 
steam, and later electricity were used to drive such tools in power-driven metal cutting machines 
(machine tools). The development of new tool materials opened a new era for the machining indus- 
try in which machine tool development took place. Nontraditional machining techniques offered 
alternative methods for machining parts of complex shapes in hard, stronger, and tougher materials 
that are difficult to cut by traditional methods. Figure 1.3 shows the general classification of machin- 
ing methods based on the material removal mechanism. 

Compared to plastic forming technology, machining technology is usually adopted whenever 
part accuracy and surface quality are of prime importance. The technology of material removal 
in machining is carried out on machine tools that are responsible for generating motions required 
for producing a given part geometry. Machine tools form around 70% of operating production 
machines and are characterized by their high production accuracy compared with metal forming 
machine tools. Machining activities constitute approximately 20% of the manufacturing activities 
in the United States. 

This book covers the different technologies used for material removal processes in which tra- 
ditional and nontraditional machine tools and operations are employed. Machine tool elements, 
drives, and accessories are introduced for proper selection and understanding of their functional 
characteristics and technological requirements. 

1.2 HISTORY OF MACHINE TOOLS 

The development of metal cutting machines (once briefly called machine tools) started from the 
invention of the cylinder, which was changed to a roller guided by a journal bearing. The ancient 
Egyptians used these rollers for transporting the required stones from a quarry to the building site. 
The use of rollers initiated the introduction of the first wooden drilling machine, which dates back 



1 




Machining Technology: Machine Tools and Operations 



Manufacturing 

technology 



Bulk 


Sheet 


forming 


metal 


Forging 


Rolling 


Rolling 


Blanking 


Extrusion 


Piercing 




Bending 




Embossing 




Coining 




Sand 

Investment 

Die 

Centrifugal 

Squeeze 



Gas 

Arc 

Resistance 
Friction 
Laser 
Plasma 
Electron beam 




Chip removal Erosion 

Abrasion Abrasion 



Forming 



Machining 



FIGURE 1.1 Classification of manufacturing processes. 




FIGURE 1.2 Definition of manufacturing. 

to 4000 bc. In such a machine, a pointed flint stone tip acted as a tool. The first deep hole drilling 
machine was built by Leonardo da Vinci (1452-1519). In 1840, the first engine lathe was intro- 
duced. Maudslay (1771-1831) added the lead screw, back gears, and the tool post to the previous 
design. Later, slide ways for the tailstock and automatic tool feeding systems were incorporated. 
Planers and shapers have evolved and were modified by Sellers (1824-1905). Fitch designed the 
first turret lathe in 1845. That machine carried eight cutting tools on a horizontally mounted turret 
for producing screws. A completely automatic turret lathe was invented by Spencer in 1896. He 
was also credited with the development of the multispindle automatic lathe. In 1818, Whitney built 
the first milling machine; the cylindrical grinding machine was built for the first time by Brown 
and Sharpe in 1874. The first gear shaper was introduced by Fellows in 1896. In 1879, Pfauter 
invented the gear hobber, and the gear planers of Sunderland were developed in 1908. Figures 1.4 
and 1.5 show the first wooden lathe and planer machine tools. 
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FIGURE 1.3 Classification of machining processes. AJM, abrasive jet machining; WJM, water jet machin- 
ing; USM, ultrasonic machining; AFM, abrasive flow machining; MAF. magnetic abrasive finishing; CF1M, 
chemical machining; ECM, electrochemical machining; EDM, electrodischarge machining; LBM, laser beam 
machining; PBM, plasma beam machining. 




FIGURE 1.4 First wooden lathe machine. 
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FIGURE 1.5 Wooden planer machine (1855). 



Further developments for these conventional machines came via the introduction of copying 
techniques, cams, attachments, and automatic mechanisms that reduced manual labor and conse- 
quently raised product accuracy. Machine tool dynamometers are used with machine tools to mea- 
sure, monitor, and control forces generated during machining operations. Such forces determine the 
method of holding the tool or WP and are closely related to product accuracy and surface integrity. 
In 1953, the introduction of numerical control (NC) technology opened doors to computer numeri- 
cal control (CNC) and direct numerical control (DNC) machining centers that enhanced product 
accuracy and uniformity. Machine tools have undergone major technological changes through vari- 
ous developments in microelectronics. The availability of computers and microprocessors brought 
in flexibility that was not possible through conventional mechanisms. 

The introduction of hard-to -machine materials has led to the use of nontraditional machining 
technology for production of complex shapes in superalloys. Nontraditional machining removes 
material using mechanical, chemical, or thermal machining effects. ECM removes material by 
electrolytic dissolution of the anodic WP. The first patent in ECM was filed by Gussef in 1929. 
However, the first significant development occurred in the 1950s. Currently, ECM machines are 
used in automobile, die, mold, and medical engineering industries. Metal erosion by spark dis- 
charges was first noted by Sir Joseph Priestly in 1768. In 1943, B. R. Lazerenko and N. I. Lazerenko 
introduced their first EDM machine, shown in Figure 1.6. EDM machine tools continued to develop 
through the use of novel power supplies together with computer control of process parameters that 
made EDM machines widespread in the manufacturing industries. The use of high-frequency 
sound waves in machining was noted in 1927 by Wood and Loomis. The first patent for USM 
appeared in 1945 by Balamuth. The benefits of USM were realized in the 1950s by the production 
of related machines. USM machines tackle a wide range of materials including glass, ceramic, and 
diamond. The earliest work on using electron beam machining (EBM) was attributed to Steigerwald, 
who designed the first prototype machine in 1947. Modern EBM machines are now available for 
drilling, perforation of sheets, and pattern generation associated with integrated circuit fabrication. 
Laser phenomenon was first predicted by Schawlaw and Townes. Drilling, cutting, scribing, 
and trimming of electronic components are typical applications of modern laser machine tools. 
The use of NC, CNC, computer-aided design or computer-aided manufacturing (CAD/CAM), and 
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FIGURE 1 .6 First industrial EDM machine in the world. Presentation of the Eleroda D1 at the EMO exhibi- 
tion in Milan Italy. 1955. (Courtesy of Charmilles, 560 Bond St., Lincolnshire, IL.) 



computer-integrated manufacturing (CIM) technologies provided robust solutions to many machin- 
ing problems and made nontraditional machine tools widespread in industry. Table 1.1 summarizes 
the historical background of machine tools. 



1.3 BASIC MOTIONS IN MACHINE TOOLS 

In conventional machine tools, a large number of product features are generated or formed via the 
variety of motions given to the tool or the WP. The shape of the tool plays a considerable role in the 
final surface obtained. Basically, there are two types of motions in a machine tool. The primary 
motion, generally given to the tool or WP, constitutes the cutting speed. While the secondary motion 
feeds the tool relative to the WP. In some instances, combined primary motion is given either to 
the tool or to the WP. A classification of machine tool movements used for traditional machining is 
given in Table 1.2. Table 1.3 gives a classification for nontraditional machining technology. It may be 
concluded that movements of nontraditional machine tools are simple and mainly in the Z direction, 
while traditional machine tools have a minimum of two axes, that is, X and Y directions in addition 
to rotational movements. 



1.4 ASPECTS OF MACHINING TECHNOLOGY 

Machining technology covers a wide range of aspects that should be understood for proper under- 
standing and selection of a given machining technology. Tooling, accessories, and the machine tool 
itself determine the nature of machining operation used for a particular material. As shown on the 
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TABLE 1.1 

Developments of Machine Tools 



1200-1299 

1770 

1810 

1817 

1818 

1820-1849 

1830 

1830-1859 

1831 
1834 
1836 
1840 ca. 
1842 
1850 

1853 

1854 ca. 



1857 

1860-1869 

1860-1879 

1873 

1887 

1895 

1896-1940 

1921 

1943 

1944—1947 

1945 

1947 

1950 

1952 

1958 



Horizontal bench lathe appears, using foot treadle to rotate object 
Screw-cutting lathe invented: first to get satisfactory results (Ramsden, Britain) 

Lead screw adapted to lathe, leading to large-quantity machine-tool construction (Maudslay, Britain) 
Metal planing machine (Roberts, Britain) 

Milling machine invented (Whitney, United States) 

Lathes, drilling, boring machines, and planers (most primary machine tools) refined 
Gear-cutting machine with involute cutters and geared indexing improved (Whitworth, Britain) 
Milling machines, shapers, and grinding machines (United States) 

Surface-grinding machine patented (J. W. Stone, United States) 

Grinding machine developed: perhaps first (Wheaton, United States) 

Shaping machine invented; Whitworth soon added crank mechanism (Nasmyth, Britain) 

Vertical pillar drill with power drive and feed in use (originated in 1750) 

Gear-generating machine for cutting cycloidal teeth developed (Saxton, United States) 

Commercially successful universal milling machine designed (Robbins and Lawrence, Howe, and 
Windsor, United States) 

Surface grinder patented (Darling, United States) 

Commercial vertical turret lathe built for Robbins and Lawrence by Howe and Stone 
(Stone, Howe, Lawrence, United States) 

Whitney gauge lathe built (Whitney, United States) 

First cylindrical grinder made; replaces single-point tool of engine lathe (United States) 

Universal milling (1861-1865) and universal grinding machines (1876) produced 
(Brown and Sharpe, United States) 

Automatic screw machine invented (1893, produced finished screws from coiled wire — A2) 
(Spencer, United States) 

Spur-gear hobbing machine patented (Grant, United States) 

Multispindle automatic lathe introduced for small pieces (United States) 

Heavy-duty precision, high production rate grinding machine introduced at Brown and 
Sharpe (Norton, United States) 

First industrial jig borer made for precision machining: based on 1912 single-point tool 
(Societe Genevoise, Switzerland) 

Electrodischarge machining (spark erosion) developed for machine tool manufacturing 
Centerless thread-grinding machine patented (Scrivener, Britain; United States) 

The USM was patented by Balamuth 
The first prototype of EBM was designed by Steigerwald 
Electrochemical machines introduced into industry 
Alfred Herbert Ltd.’s first NC machine tool operating 
Laser phenomenon first predicted by Schawlaw and Townes 



Source : ASME International, 3 Park Ave., New York. With permission. 



right-hand side of Figure 1.7, the main objective of the technology adopted is to utilize the selected 
machining resources to produce the component economically and at high rates of production. Parts 
should be machined at levels of accuracy, surface texture, and surface integrity that satisfy the prod- 
uct designer and avoid the need for postmachining treatment, which, in turn, maintains acceptable 
machining costs. The general aspects of machining technology include: 

1.4.1 Machine Tool 

Each machine tool is capable of performing several machining operations to produce the part 
required at the specified accuracy and surface integrity. Machining is performed on a variety of 
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TABLE 1.2 

Tool and WP Motions for Machine Tools Used for Traditional Machining 



Tool and WP Movements 



Machining Process 




V 


f 




Remarks 






r\ 


— > 










— *■ 








Chip removal 




r\ 








Turning 


WP 


Tool 


— > 


WP stationary 


Drilling 


Tool 


r\ 


Tool 


—*■ 




Milling 


Tool 


r\ 


WP 






Shaping 


Tool 


—* 


WP 




Intermittent feed 


Planing 


WP 


—*■ 


Tool 


— * 




Slotting 


Tool 




WP 


— ■ » 




Broaching 


Tool 


• 


WP 


• 


Feed motion is built in 




WP 


—*• 


Tool 


• 


the tool 


Gear hobbing 


Tool 


r\ 


WP 


r\ 










Tool 


-*■ 




Abrasion 












Surface grinding 


Tool 


r\ 


WP 


— ► 




Cylindrical grinding 


Tool 


r\ 


WP 


r\ 










Tool or WP 


—*■ 




Honing 


Tool 


r\ 




• 


WP stationary 






—* 








Superfinishing 


WP 


r\ 


Tool 


— ► 





Note : r\. Rotation; •, stationary; — > , linear motion; intermittent. 



general-purpose machine tools that in turn perform many operations, including chip removal and 
abrasion techniques, by which cylindrical and flat surfaces are produced. Additionally, special- 
purpose machine tools are used to machine gears, threads, and other irregular shapes. Finish- 
ing technology for different geometries includes grinding, honing, lapping, and superfinishing 
techniques. 

Figure 1.8 shows general-purpose machine tools used for traditional machining in chip removal 
and abrasion techniques. Typical examples of general-purpose machine tools include turning, drilling, 
shaping, milling, grinding, broaching, jig boring, and lapping machines intended for specific tasks. 
Gear cutting and thread cutting are examples of special-purpose machine tools. During the use of 
general- or special-purpose manual machine tools, product accuracy and productivity depend on the 
operator’s participation during operation. Capstan and turret lathes are typical machines that somewhat 
reduce the operator’s role during machining of bar-type or chucking-type WPs at higher rates and bet- 
ter accuracy. Semiautomatic machine tools perform automatically controlled movements, while the 
WP has to be hand loaded and unloaded. Fully automatic machine tools are those machines in which 
WP handling and cutting and other auxiliary activities are performed automatically. Semiautomatic 
and automatic machine tools are best suited for large production lots where the operator’s interference 
is minimized or completely eliminated, and parts are machined more accurately and economically. 

NC machine tools utilize a form of programmable automation by numbers, letters, and symbols 
using a control unit and tape reader, while CNC machine tools utilize a stored computer program 
to perform all the basic NC functions. NC and CNC have added many benefits to machining 
technology, since small and large numbers of parts can now be produced. Part geometry can be 
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TABLE 1.3 

Tool and WP Motions for Nontraditional Machine Tools 
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FIGURE 1.7 General aspects of machining technology. 

changed through the flexible control of the part programs. The integration of CAD/CAM systems 
to machining technology has created new industrial areas in die, mold, aerospace, and automobile 
industries. 

Hexapods have added a new area to the machining technology in which complicated parts can 
be machined using a single tool that is capable of reaching the WP from many sides. The hexapod 
has six degrees of movement and is very dexterous like a robot, but also offers the machine tool 
rigidity and accuracy generally beyond a robot’s capability. The hexapods are used to help develop 
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FIGURE 1.8 Classification of machine tools for traditional machining technology. 
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FIGURE 1.9 Classification of machine tools for nontraditional machining technology. 

machining processes for WPs that need the dexterity offered by the hexapod design. For general- 
purpose machining, the hexapod is an ideal machine tool for mold-and-die machining applications. 
Its ability to keep a cutting tool normal to the surface being machined promotes use of larger radii 
ball nose end mills, which can cut more material with very small stepovers. In some applications, a 
flat nose end mill can be used very effectively for smooth surface finishes with little or no cusp. Non- 
traditional machining uses a wide range of machine tools such as ECM, USM, EDM, and LBM. Each 
machine tool is capable of performing a variety of operations, as shown in Figure 1.9. Nontraditional 
machining technology tackles materials that range from glass, ceramics, hard alloys, heat-resistant 
alloys, and other materials that are difficult to machine by traditional machining technology. 

1.4.2 Workpiece Material 

The WP material specified for the part influences the selection of the adopted machining method. 
Most materials can be machined by a range of processes, some by a very limited range. In any par- 
ticular case, however, the choice of the material depends on the desired shape and size, the dimen- 
sional tolerances, the surface finish, and the required quantity. It must not depend only on technical 
suitability, but also on economy and environmental considerations. 

1.4.3 Machining Productivity 

The choice of any machining method should take into consideration a rate of production that is inversely 
proportional to machining time. Methods of raising productivity include the use of the following: 

• High machining speeds 

• High feed rates 
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• Multiple cutting tools 

• Stacking multiple parts 

• Minimization of the secondary (noncutting) time 

• Automatic feeding and tool changing mechanisms 

• High power densities 

1.4.4 Accuracy and Surface Integrity 

The selection of a machining technology depends on inherent accuracy and surface quality. Below the 
machined surface, some alterations occur as a result of the material removal mechanisms employed. 
Careful examination of such a layer is essential. It affects the technological performance of the 
machined parts in terms of fatigue strength, corrosion, and wear resistance. In some cases, a postfin- 
ishing technology may be adopted to solve such problems, which in turn raises production cost. 

1.4.5 Product Design for Economical Machining 

This concept is very important to produce parts accurately and economically. Product design recom- 
mendations for each operation should be strictly followed by the part designer. Design complications 
should be avoided so that the machining time is reduced, and consequently the production rate is 
increased. Machine tool and operation capability in terms of possible accuracy and surface integrity 
should also be considered, so that the best technology, machine tool, and operation are selected. 

1.4.6 Environmental Impacts of Machining 

The possible hazards of the selected machining technology may affect the operator’s health, the 
machine tool, and the surrounding environment. Reduction of such hazards requires careful moni- 
toring, analysis, understanding, and control toward environmentally clean machining technology. 
The hazards generated by the cutting fluids have led to the introduction of the minimum quan- 
tity lubrication (MQL), cryogenic machining, and dry machining techniques. Strict precautions 
are followed during laser beam machining (LBM) and abrasive jet machining (AJM), and these 
processes are covered in Chapter 11. 

1.5 REVIEW QUESTIONS 

1. Explain what is meant by manufacturing. 

2. What are the different manufacturing methods used for metal shaping? 

3. Explain the different mechanisms of material removal in machining technology. 

4. List the main categories of machine tools used for traditional machining. 

5. Classify the different nontraditional machine tools based on the material removal process. 

6. Show basic motions of machine tools used for traditional and nontraditional processes. 

7. Explain the different aspects of machining technology. 

8. Explain what is meant by product design for economic machining. 

9. Explain the importance of adopting an environmentally friendly machining technology. 

10. What are the main objectives behind selecting a machining technology? 
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O Basic Elements and Mechanisms 
of Machine Tools 

2.1 INTRODUCTION 

Metal cutting machines (machine tools) are characterized by higher production accuracy compared 
with metal forming machines. They are used for the production of relatively smaller number of 
pieces; conversely, metal forming machines are economical for producing larger lots. Machine tools 
constitute about 70% of the total operating production machines in industry. The percentage of the 
different type of operating machine tools is shown in Table 2.1. 

The successful design of machine tool requires the following fundamental knowledge: 

1. Mechanics of the machining processes to evaluate the magnitude and direction and to 
control the cutting forces 

2. The machinability of the different materials to be processed 

3. The properties of the materials used to manufacture the different parts of the machine tool 

4. The manufacturing techniques that are used to produce each machine tool part 
economically 

5. The durability and capability of the different tool materials 

6. The principles of engineering economy 

The productivity of a machine tool is measured either by the number of parts produced in a unit of 
time, by the volumetric removal rate, or by the specific removal rate per unit of power consumed. 
Productivity levels can be enhanced using the following methods: 

1. Increasing the machine speeds and feed rates 

2. Increasing the machine tool available power 

3. Using several tools or several WPs machined simultaneously 

4. Increasing the traverse speed of the operative units during the nonmachining parts of the 
production time 

5. Increasing the level of automation for the machine tool operative units and their switching 
elements 

6. Adopting modern control techniques such as NC and CNC 

7. Selecting the machining processes properly based on the machined part material, shape 
complexity, accuracy, and surface integrity 

8. Introducing jigs and fixtures that locate and clamp the work parts in the minimum possible 
time 

Machine tools are designed to achieve the maximum possible productivity and to maintain the 
prescribed accuracy and the degree of surface finish over their entire service life. To satisfy these 
requirements, each machine tool element must be separately designed to be as rigid as possible and 
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TABLE 2.1 

Percentage of Different Types of Operating Machine Tools 



Type of Machine Tool Percentage 

Lathes including automatics 34 

Grinding 30 

Milling 15 

Drilling and boring 10 

Planers and shapers 4 

Others 7 



then checked for resonance and strength. Furthermore, the machine tool, as whole, must have an 
adequate stability and should possess the following general requirements: 

1. High static stiffness of the different machine tool elements such as structure, joints, and 
spindles 

2. Avoidance of unacceptable natural frequencies that cause resonance of the machine tool 

3. Acceptable level of vibration 

4. Adequate damping capacity 

5. High speeds and feeds 

6. Low rates of wear in the sliding parts 

7. Low thermal distortion of the different machine tool elements 

8. Low design, development, maintenance, repair, and manufacturing cost 

Machine tools are divided according to their specialization into the following categories: 

• General-purpose (universal) machines, which are used to machine a wide range of products 

• Special-purpose machines, which are used for machining articles similar in shape but dif- 
ferent in size 

• Limited-purpose machines, which perform a narrow range of operations on a wide variety 
of products 

Machine tools are divided according to their level of accuracy into the following categories: 

1. Normal-accuracy machine tools, which includes the majority of general-purpose machines 

2. Higher accuracy machine tools, which are capable of producing finer tolerances and have 
more accurate assembly and adjustments 

3. Machine tools of super-high accuracy, which are capable of producing very accurate 
parts 

The main functions of a machine tool are holding the WPs to be machined, holding the tool, and 
achieving the required relative motion to generate the part geometry required. 

Machine tools include the following elements: 

1. A structure that is composed of bed, column, or frame 

2. Slides and tool attachments 

3. Spindles and spindle bearings 

4. A drive system (power unit) 

5. Work holding and tool holding elements 
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6. Control systems 

7. A transmission linkage 

Stresses produced during machining, which tend to deform the machine tool or a WP, are usually 
caused by one of the following factors: 

1. Static loads that include the weight of the machine and its various parts 

2. Dynamic loads that are induced by the rotating or reciprocating parts 

3. Cutting forces generated by the material removal process 

Both the static and the dynamic loads affect the machining performance in the finishing stage, 
while the final degree of accuracy is also affected by the deflection caused by the cutting forces. 

2.2 MACHINE TOOL STRUCTURES 

The machine tool structure includes a body, which carries and accommodates all other machine 
parts. Figure 2.1 shows a typical machine tool bed of the lathe and a frame of the drilling machines. 
The main functions of the machine structure include the following: 

1. Ability of the structure or the bed to resist distortion caused by static and dynamic loads 

2. Stability and accuracy of the moving parts 

3. Wear resistance of the guideway 

4. Freedom from residual stresses 

5. Damping of vibration 

Machine tool structures are classified by layouts into open (C-frames) and closed frames. Open frames 
provide excellent accessibility to the tool and the WP. Typical examples of open frames are found in 
turning, drilling, milling, shaping, grinding, slotting, and boring machines (Figure 2.2). Closed frames 
find application in planers, jig boring, and double-spindle milling machines (Figure 2.3). A machine 
tool structure mounts and guides the tool and the WP and maintains their specified relative position 
during the machining process. Machine tool structures must therefore be designed to withstand and 
transmit, without deflection, the cutting forces and weights of the moving parts of the machine onto 
the foundation. For a multiunit structure, the unit must be designed to locate and guide each other in 
accordance with the required position between the tool and the WP. 





Frame of radial drill 



FIGURE 2.1 



Typical bed of center lathe and frame of a drilling machine. 
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FIGURE 2.2 Examples of open frames (C-frames). 
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FIGURE 2.3 Examples of closed frames. 




Double-spindle milling machine 



The configuration of machine tool structure is governed by the arrangement of the necessary 
cutting and feed movements and their stroke lengths, as well as the size and capacity of the machine. 
In this regard, chip disposal, transport, erection, and maintenance are also considered. The rate of 
material removal determines the power capacity of the machine tool and hence the magnitude of 
the cutting forces. The grade of production accuracy is affected by the deformation and deflections 
of the structure, which should be kept within specified limits. The assessment of the behavior of 
machine tool structure is obtained by evaluating its static and dynamic characteristics. 

Static characteristics. These characteristics concern the steady deflection under steady opera- 
tional cutting forces, the weight of the moving components, and the friction and inertia forces. They 
affect the accuracy of the machined parts and are usually measured by the static stiffness. 

Dynamic characteristics. The dynamic characteristics are determined mainly by the dynamic 
deflection and natural frequencies. They affect the machine tool chatter and hence the stability of 
the machining operation. 

The static and dynamic deflections of a machine tool structure depend on the manner by which 
the operational forces are transmitted and distributed and the behavior of each structural unit under 
operating condition. The beam-like element, having a cross-section in the form of a hollow rectangle, 
is the most superior element. A typical application of this concept is given in the lathe bed shown in 
Figure 2.4; the adverse effect of cast holes on the stiffness of closed box cross-section is minimized 
by reducing their number and size. As can be seen in Figure 2.5, closed-frame structures, although 
deformed under load, keep the alignment of their centerline axes unchanged. This, in turn, results in 
an axial (not lateral) displacement of the tool relative to the WP, which does not affect the accuracy 
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FIGURE 2.4 Hollow box sections of the lathe bed. 




FIGURE 2.5 Deformation in open and closed frames. 




FIGURE 2.6 Radial drilling machine with end support. 

of machined parts. Open frame can, therefore, be supplemented with a supporting element to close 
its frame during the machining operation, as shown in the radial drilling machine in Figure 2.6. 

Machine tool stiffness and damping of its structure depend on the number and type of joint used 
to connect the different units of the structure. As a rule, the fewer the joints, the greater the stiffness 
of the structure and smaller its damping capability. The ribbing system is an effective method for 
increasing the stiffness of the machine tool structures. In this regard, simple vertical stiffeners, seen 
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Section A-A 




FIGURE 2.7 Arrangement of stiffeners in machine tool beds: (a) vertical and (b) diagonal stiffeners. 



Raised guideways 




FIGURE 2.8 Lathe bed with raised rear guideways. 



in Figure 2.7a, increase the stiffness of the vertical bending but do not improve horizontal bending. 
The diagonal stiffness arrangement, shown in Figure 2.7b, gives higher stiffness in both bending 
and torsion. In some cases, to eliminate the tilting movement that usually acts on the tailstock of the 
lathe machine, raised rear guideways are introduced, as shown in Figure 2.8. Machine tool frames 
can be produced as cast or welded construction. Welded structures ensure great saving of the mate- 
rial and the pattern costs. Figure 2.9 shows typical cast and fabricated machine tool structures. A 
cast iron (Cl) structure ensures the following advantages: 

• Better lubricating property (due to the presence of free graphite); most suitable for beds in 
which rubbing is the main criterion 

• High compressive strength 
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FIGURE 2.9 Cast and fabricated structures: (a) cast and (b) welded machine tool bases. 



• Better damping capacity 

• Easily cast and machined 

2.2.1 Light- and Heavy-weight Constructions 

Machine tool structures are classified according to their natural frequency as light- or heavy-weight 
construction. The natural frequency co 0 of a machine tool can be described by 

o 0 = ^ (2.1) 

where 

k = structure static stiffness 
m = mass 

k = | (2.2) 

where 

F = force (N) 

S = deflection (mm) 

To avoid resonance and thus reduce the dynamic deflection of the machine tool structure, o 0 
should be far below or far above the exciting frequencies, which is equal to a multiple of the rota- 
tional speed of the machine. 

If the natural frequency of the machine structure is kept far below the speed working range of 
the machine tool then 



0 ) 0 < exciting frequency 



< exciting frequency 



This requirement is achieved by the increase of the mass m, which, in turn, leads to a heavyweight 
construction. On the other hand, lightweight constructions are made when 

co 0 > exciting frequency 



or 



~ > exciting frequency 
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FIGURE 2.10 




Chip disposal, in the case of high-production machine tools, affects the construction of the machine 
tool frame as shown in Figure 2.10. 



2.3 MACHINE TOOL GUIDEWAYS 

Machining occurs as a result of a relative motion between the tool and the WP. Such a motion is 
a rotary, linear, or rectilinear one. Guideways are required to perform the necessary machine tool 
motion at a high level of accuracy under severe machining conditions. Generally guideways, there- 
fore, control the movement of the different parts of the machine tool in all positions during machin- 
ing and nonmachining times. Besides the accuracy requirements, ease of assembly, and economy in 
manufacturing guideways, the following features should be provided: 

• Accessibility for effective lubrication 

• Wear resistance, durability, and rigidity 

• Possibility of wear compensation 

• Restriction of motion to the required directions 

• Proper contact all over the sliding area 

Guideways are classified as sliding friction, rolling friction, and externally pressurized (Figure 2.11). 

2.3.1 Sliding Friction Guideways 

Sliding friction guideways consist of any one of or a combination of the flat, vee, dovetail, and 
cylindrical guideway elements. Flat circular guideways are used for guiding the rotating table of 
the vertical turning and boring machines. Figure 2.12 shows the different types of guideways that 
are normally used to guide sliding parts in the longitudinal directions. Holding strips may be pro- 
vided to prevent the moving part from lifting or tilling by the operational forces. Scraping and the 
introduction of thin shims are used for readjustments that may be required to compensate wear of 
the sliding parts. 

Vee-shaped guideways are either male or female type, which are self-adjusting under the weight 
of the guided parts. Practically, a vee guideway is usually combined with a flat one, as the case of the 
carriage guides of the center lathe to ensure proper contact all over the sliding surfaces. The com- 
bination of two vee guideways has an unfavorable effect on the machining accuracy and is limited 
to guideways of relatively small distance between the two vees. Circular vee guideways carry the 
operational loads and provide self location for the rotating table. Dovetail guideways, shown in Figure 
2.12c, are used separately or in a combination of half dovetail and flat guideways. Cylindrical guides, 
shown in Figure 2.12d, are either male or female type that must be accurately manufactured. They 
require special devices to adjust their working clearances. The column of the drilling machine is a 




Basic Elements and Mechanisms of Machine Tools 



19 




FIGURE 2.11 Classification of machine tool guideways. 





(f) 





Holding strip 



FIGURE 2.12 Types of guideways: (a) vee, (b) flat, (c) dovetail, (d) cylinder, (e) cylindrical-cylindrical, 
and (f) cylindrical-flat. 



typical example of the male type, while the sleeve of the drilling machine spindle is a female type. 
The combinations of cylindrical guideways are shown in Figures 2.12e (cylindrical-cylindrical) and 
2.12f (cylindrical-flat). 

For the sliding surfaces, the bulk of the load is carried on the metal-to-metal contact. The load 
carried by the lubricating oil film is very small. The localized pressures cause elastic or plastic 
deformation to the supporting asperities of the surface, which in turn results in an instability of the 
sliding motion usually known as the stick-slip effect. This phenomenon can be reduced or elimi- 
nated by the use of proper lubricants or through the introduction of externally pressurized guide- 
ways. Friction condition and, consequently, the wear of the guideways are affected by 

1. material properties of the fixed and moving element, 

2. surface dimensions of the guideways. 













20 



Machining Technology: Machine Tools and Operations 



3. acting pressure, and 

4. accumulation of dirt, chip, and wear debris. 

When the machine parts rub together, loss of material from one or both surfaces occurs, which in 
turn results in a change of the designed dimensions and geometry of the guideways system. Wear 
of guideways may be caused by the cutting action of the hard particles (adhesive wear), which is 
often accompanied by the oxidation of the wear debris that leads to additional abrasive wear. Wear 
of guideways can be minimized by 

1. minimizing the sliding surface roughness, 

2. increasing the hardness of the sliding surfaces, 

3. removing the abrasive wear particles from the guideways system, and 

4. reducing the pressure acting on the guiding surfaces. 

Guideways are equipped with devices for initially adjusting and periodically compensating the work- 
ing clearance. Clearance adjustment is accomplished by using suitable metallic strips, as shown in 
Figure 2.13. Guideways may be an integral part of the machine tool or mechanically secured to the bed 
by fastening or welding. In the first arrangement, the bed and the guideway are made from the same 
material, and flame or induction hardening is employed upon the guiding surfaces. In the mechani- 
cally secured guideways, separate steel guideways are secured to the Cl beds, as shown in Figure 2.14a. 




(b) 



FIGURE 2.13 Wear compensation in guideways: (a) flat and (b) dovetail guideways. Fis the side force acting 
on the carriage. 






FIGURE 2.14 (a) Mechanically secured and (b) welded guideways. 
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In plastic guideways, plates of phenolic resin bonded fiber are inserted into one of the sliding surfaces. 
These guideways reduce friction and stick-slip effect. They also reduce the danger of seizure when 
lubricant is inadequate and minimize vibrations. The design and arrangement of the guideways must 
prevent chip and dirt accumulation, which promotes the rate of wear. Methods of protecting guide- 
ways against foreign matter include 

1. extending the length of the moving parts using cover plates that protect the guideways and 

2. providing covering belts or a telescopic plate that surrounds the guideways and seals them 
from external materials. 

2.3.2 Rolling Friction Guideways 

In rolling friction guideways, rollers, needles, or balls are inserted between the moving parts to 
minimize the frictional resistance, which is kept constant irrespective of the traveling speed. Rolling 
friction guideways find wide applications in numerically controlled and medium-size machine tools 
in which the setting accuracy is decisive. Their expensive manufacturing, complicated construction, 
and the short life of the rolling elements create problems. Rolling friction guideways are either open 
or closed. The open type (Figure 2.15) is used when the load acts downward, which makes this type 
self-adjusting for wear in the guideways. In the closed type, wear compensation requires adjusting 
elements. For long strokes, recirculating rolling elements (as shown in Figure 2.16) or ball or roller 
bearing guideways (Figure 2.17) are used to shorten the length of the slider. 

Circular rolling friction guideways find applications in high-speed vertical lathes. The size and the 
distribution of the load on the rolling elements and the deformation of the guideways are affected by: 

1. magnitude, distribution, and type of loading, 

2. stiffness of the rolling elements, 

3. manufacturing errors of the rolling elements, 

4. form error of the guideways, 

5. magnitude of preloading, and 

6. stiffness of the table, bed, fixture, and WR 




FIGURE 2.15 



Open-type rolling friction guideways: (a) flat and (b) vee-flat guideways. 
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Recirculating 
roller unit Slideway 

FIGURE 2.16 Recirculating rolling friction guideways. 



Recirculating 
roller unit 




FIGURE 2.17 Ball bearing guideway. 




FIGURE 2.18 Externally pressurized guideways. 

2.3.3 Externally Pressurized Guideways 

The load-carrying capacity and stiffness of ordinary lubricated guideways are excellent; how- 
ever, their friction levels are undesirable. To overcome such a problem, externally pressurized 
guideways are used in which the sliding elements are separated by a thin him of pressurized 
fluid, as shown in Figure 2.18. Such an arrangement prevents contact between the sliding surfaces 
and hence avoids the occurrence of wear. The load-carrying capacity is independent of the slid- 
ing speed, and the reaction forces are distributed over the full bearing area. Externally pressur- 
ized guideways are ideal guideways in terms of stiffness, uniformity of travel, low friction, large 
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damping, and better heat dissipation capacity. Generally, the service properties of machine tool 
guideways can be improved by 

1. providing favorable frictional conditions, which can be achieved by using 

a. combined sliding and rolling guides, 

b. proper lubricants and materials for guideways, and 

c. hydrostatic ways with high-rigidity oil film and automatic control systems, 

2. providing adequate protection of guideways, 

3. using optimal cross-section of slideways, and 

4. using optimal surface finishes. 

2.4 MACHINE TOOL SPINDLES 

Machine tool spindles are used to locate, hold, and drive the tool or the WP. These spindles pos- 
sess a high degree of rigidity, rotational accuracy, and wear resistance. Spindles of the general- 
purpose machine tools are subjected to heavier loads compared with precision ones. In the former 
class of spindles, rigidity is the main requirement; in the second, the manufacturing accuracy is 
of the prime consideration. Spindles are normally made hollow and provided with an internal 
taper at the nose end to accommodate the center or the shank of the cutting tool (Figure 2.19). A 
thread can be added at the nose end to fix a chuck or a face plate. Medium-carbon steel contain- 
ing 0.5% C is used for making spindles in which hardening is followed by tempering to produce 
a surface hardness of about 40 Rockwell (HRC). Low-carbon steel containing 0.2% C can also 
be carburized, quenched, and tempered to produce a surface hardness of 50-60 HRC. Spindles 
for high-precision machine tools are hardened by nitriding, which provides a sufficient hardness 
with the minimum possible deformation. Manganese steel is used for heavy-duty machine tool 
spindles. 

2.4.1 Spindle Bearings 

Machine tool spindles are supported inside housings by means of ball, roller, or antifriction bear- 
ings. Precision bearings are used for a precision machine tool. The geometrical accuracy and surface 
finish of the machined components depend on the quality of the spindle bearings. The considerable 
attention paid to the spindle design, selection and proper mounting of its bearings, and the construc- 
tion of the housing of bearings makes the spindle system one of the most expensive parts of the 
machine tools. Drive shafts, which are subjected to bending and tensional stresses, are designed on 
the basis of strength while spindles are designed on the basis of stiffness. Generally, machine tool 
spindle bearings must provide the following requirements: 

1. Minimum deflection under varying loads 

2. Accurate running under loads of varying magnitudes and directions 

3. Adjustability to obtain minimum axial and radial clearances 

4. Simple and convenient assembly 

5. Sufficiently long service 



Central screw 



Spindle nose 




Locking nut 



FIGURE 2.19 Typical milling machine spindle. 
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6. Maximum temperature variation throughout the speed ranges 

7. Sufficient wear resistance 

The forces acting on a machine tool spindle are the cutting force, which acts at the spindle nose, 
and the driving force, which acts in between the spindle bearings (Figure 2.20). The cutting force 
can be resolved into two components with respect to the spindle. The spindle bearings have to 
take radial and axial components of the cutting and driving forces. In this manner, when the 
machine tool spindle is mounted at two points, the bearing at one point takes the axial component 
besides the reaction of the radial component, while the other takes only the reaction of the radial 
component. The bearings that carry the axial component should prevent the axial movement of the 
spindle under the effect of the cutting and driving forces (fixed bearing). The other bearing (floating 
bearing) provides only a radial support and provides axial displacement due to differential thermal 
expansion of the spindle shaft and the housing. 

The arrangement shown in Figure 2.21a is used in most high-speed machine tools because the 
free length of the spindle (from nose to the fixed bearing) is limited, which minimizes nose deflec- 
tion. Additionally, the effect of differential thermal expansion of the spindle and spindle housing 
acts toward the floating (rear) end, which in turn reduces the axial displacements of the spindle 
nose. Figure 2.22 shows typical spindle bearing mounting arrangements. Figure 2.23 presents a 
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FIGURE 2.20 Forces acting on machine tool spindles. 
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FIGURE 2.21 Fixed and floating bearing arrangements: (a) fixed front, (b) fixed rear, and (c) fixed middle. 






FIGURE 2.23 Typical machine tool spindle. (From Koenigsberger, F., Berechnungen, Konstruktiosgrund- 
lagen und Bauelemente spanender Werkzeugmaschinen, Springer, Berlin, 1961. With permission.) 



machine tool spindle with the fixed front bearing while the rear end axially slides at the outer race 
of the roller bearing. The various considerations in the selection of bearings are 

1. direction of load relative to the bearing axial, 

2. intensity of load, 

3. speed of rotation, 

4. thermal stability, 

5. stiffness of the spindle shaft, and 

6. class of accuracy of the machine. 

Ball bearings sustain considerable loads; roller bearings are preferred for severe conditions and 
shock loads. Tapered roller bearings are suitable for high axial and radial forces (combined loads). 
To increase the accuracy of ball and roller bearings, these are fitted with very high interference fits, 
which eliminate the radial play between the bearing and the spindle. Angular contact ball bearings 
or roller bearings, installed in pairs, are preloaded by the adjustments made during their assembly. 

2.4.2 Selection of Spindle-Bearing Fit 

The high accuracy requirements of a machine tool have direct implications on the method of bear- 
ing mounting and the type of fit in the spindle assembly. To prevent creep, roll, or excessive inter- 
ference fitting of bearing on either the spindle or the housing, it is important to select the correct 
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fit between the bearing and the seats. A bearing fit (inner race on the spindle or outer race in the 
housing) is interference, transition, or clearance fit. A correct interference fit provides proper sup- 
port around the whole circumference and, hence, provides a correct load distribution; moreover, the 
load-carrying ability of the bearing is fully utilized. In case of floating bearings, which are made 
free to move axially, interference fit is unacceptable. Figure 2.24 shows the recommended types of 
fit for machine tool spindle bearings. Apart from thrust types of bearings, the fixed bearing on the 
spindle has j or k types of fit, while the housing has M, K, or J to ensure sufficient stiffness. In case 
of floating bearing, the h fit is used for the spindle and the H fit is used for the housing. Because the 
stiffness of the thrust types of bearings is not affected by the type of fit, the spindle has a transition 
fit, while the housing has either a clearance or a transition fit. 

Table 2.2 shows the recommended type of fits applied to machine tool bearings. According to 
International Organization for Standardization (ISO) recommendations, rolling bearings are manu- 
factured in normal tolerance grade, close tolerance grades (P6, P5), the special precision (SP) grade, 
and the ultraprecision (UP) grade (P4). Bearings of normal tolerance grades are of general use, 
while SP and UP grades are used in spindles of high-precision machine tools. For comparison of 
the fits for machine tool spindles, see Table 2.3. 




FIGURE 2.24 Recommended bearing fits. 



TABLE 2.2 



Recommended Fits for Machine Tool Spindle Bearings 

Spindle Housing 



Bearing Type 


P6 


P5-SP 


P4-UP 


Working Conditions 


P6 


P5-SP 


P4-UP 


Deep groove ball bearing 


j5 


14 


13 


Point load 


J5 


J4 


J5 


Angular contact ball bearing 








Rotating load 


M6 


M5 


M4 


Cylindrical roller bearing 


k5 


k4 


— 


Point load 


K6 


K5 


K4 










Rotating load 


M6 


M5 


M4 


Tapered roller bearing 


k5 


k4 


— 


Loose adjustable 


J6 


J5 


— 










Tight adjustable 


K6 


K5 


— 










Rotating load 


M6 


M5 


— 


Angular contact ball thrust bearing 


— 


h5 


h4 




K6 


K5 


K4 


Ball thrust bearing 


h6 


h5 


— 




H8 


H8 


— 




